Brominated phenols are present in the environment as naturally occurring substances excreted by marine organisms and as industrial manufactured products. Mono-, di-, and tribrominated phenols, in particular, are naturally occurring, and are excreted by diverse marine organisms such as algae, 1) polychaetes, 2) and hemichordates. 2, 3) They might serve as a chemical defense against predators and biofouling. 4) However, much greater amounts of brominated phenols, especially of 2,4,6-tribromophenol (2,4,6-TBP), are manufactured as a reactive flame retardant intermediate and as an end-stop for brominated epoxy resin made from tetrabromobisphenol A, which has an enormous number of applications in electronic devices such as printed circuit boards. 5) Moreover, 2,4,6-TBP is a pesticide used as a replacement for pentachlorophenol as a wood preservative.
6) The production volume of 2,4,6-TBP was estimated to be approximately 2,500 tons/year in Japan, and 9,500 tons/year worldwide in 2001. 7) Manufacturing facilities generate significant quantities of waste containing 2,4,6-TBP, some of which is discharged into the terrestrial, aquatic, and marine environments. Adapted communities of microorganisms can degrade 2,4,6-TBP. In marine sediment slurry, 2,4,6-TBP was found to be anaerobically dehalogenated, 8) but it is generally not readily biodegradable, and it persists in the environment. It has been found in flue gas, river water, and estuarine sediments, where it is assumed that natural production of 2,4,6-TBP does not occur.
6) It has also been detected in human milk 9) and plasma.
10)
The methylated derivatives of 2,4,6-TBP are major compounds among the monocyclic brominated and chlorinated phenol-, guaiacol-, and/or catechol-type compounds in human blood plasma. 11) In recent years, it has been found that 2,4,6-TBP binds potently to human transthyretin, a thyroid hormone binding transport protein, in vitro with similar affinity to the natural thyroxine ligand. Thus exposure to 2,4,6-TBP might affect the thyroid hormone system in animals and humans. 12) In addition, 0.1 mM of 2,4,6-TBP reduced cell growth and increased acetylcholinesterase activity in cultured SH-SY5Y human neuroblastoma cells, resulting in the induction of cell differentiation. 13) Because suitable alternatives (especially for a flame retardant) for 2,4,6-TBP are not presently available, an efficient process for degrading 2,4,6-TBP is required. High-temperature pyrolysis of bromophenols leads to dioxin formation. 14) Hence the development of a biological purification system is one alternative to reduce levels of exposure to 2,4,6-TBP.
In the present study, we attempted to isolate microorganisms that degrade 2,4,6-TBP by enrichment culture. An isolate, Ochrobactrum sp. strain TB01, was characterized as to its ability to degrade 2,4,6-TBP and other halogenated phenols. Subsequently metabolites of 2,4,6-TBP were identified by high performance liquid chromatography (HPLC) and mass spectrometry analyses. These results clearly indicate that the primary step in 2,4,6-TBP degradation mediated by Ochrobacy To whom correspondence should be addressed. Present address: Chemical Management Center, National Institute of Technology and Evaluation (NITE), 2-49-10 Nishihara, Shibuya, Tokyo 151-0066, Japan; Tel: +81-3-3481-1735; Fax: +81-3-3481-1950; E-mail: yamadatakashi@nite.go.jp trum sp. strain TB01 occurs through reductive dehalogenation.
Materials and Methods
Chemicals. 2,4,6-TBP and all other halophenols were purchased from Wako Pure Chemical Industries (Osaka, Japan). Polypeptone and yeast extract were obtained from Nippon Shinyaku Co., Ltd. (Tokyo) and Nacalai Tesque (Kyoto, Japan), respectively. All other chemicals and solvents were of analytical grade and were purchased from Wako. 15) The pH of the medium was 6.8, and crystals of 2,4,6-TBP were added to the medium to a concentration of 0.1%. Complex medium A, which was used for the growth of 2,4,6-TBP-degrading bacteria, included the following (per liter): 0.25 g of glucose, 2.5 g of polypeptone, 1.25 g of yeast extract, 1.25 g of NaCl, and 33 mg of 2,4,6-TBP. The pH of the medium was adjusted to 7.0 with 1 N NaOH.
Media
Enrichment and isolation of 2,4,6-TBP-degrading bacteria. Samples of soil and sludge were collected from locations inside a factory manufacturing brominated compounds in Hiroshima Prefecture, Japan. Small amounts of the samples were added to 100-ml conical flasks containing 10 ml of PAS medium and 10 mg of 2,4,6-TBP crystals as carbon source. The flasks were incubated on a reciprocal shaker at 150 rpm at 28 C. After 2 weeks, a subculture was obtained by transferring 0.1 ml of the grown enrichment into 10 ml of PAS medium containing 10 mg of 2,4,6-TBP. After eight serial subcultures, 100 ml of the resulting culture was spread onto a PAS plate containing 2,4,6-TBP crystals, followed by incubation at 28 C for 1 week. The resulting colonies were isolated and spread onto fresh Lennox (L) agar plates to purify 2,4,6-TBP-degrading bacteria. The isolated strain was identified as Ochrobactrum sp. by TechnoSuruga Laboratory Co., Ltd. (Shizuoka, Japan).
Culture and resting cell reaction. For culture of 2,4,6-TBP-degrading bacteria, a single colony was inoculated in 10 ml of medium A in a 100-ml conical flask after the addition of 100 ml of 10 mM 2,4,6-TBP solution dissolved in dimethylsulfoxide (DMSO). The inoculants were incubated by placing the conical flasks on a reciprocal shaker and shaking them at 150 rpm at 28 C. For resting cell reactions, cells at log phase (OD600 = 0.5) were harvested by centrifugation at 6;000 Â g (JA20, Beckman, Fullerton, CA), washed with 50 mM potassium phosphate buffer (KPi buffer, pH 7.0), and suspended in the same buffer to an OD600 of 1.0. The reaction was initiated by addition of substrate to cell suspensions with shaking at 150 rpm at 28 C.
In vitro assay for 2,4,6-TBP degradation. Cells were harvested from 500 ml of culture broth in medium A 2 d post inoculation, and were suspended in 30 ml of 50 mM KPi buffer (pH 7.0). The protease inhibitor phenylmethylsulfonyl fluoride dissolved in DMSO was added to a final concentration of 1 mM. The cells were disrupted by passing them through a French pressure cell (model 5501, Ohtake, Tokyo) at 120 MPa. The lysate was centrifuged at 3;000 Â g for 10 min to remove cell debris and unbroken cells. 2,4,6-TBP degradation activity was assayed at 30 C by measuring the consumption of 2,4,6-TBP. A standard 1-ml assay mixture contained 100 mM 2,4,6-TBP, 2.5 mM NADH, and various amounts of proteins in 50 mM KPi buffer (pH 7.0). The reaction was initiated by the addition of NADH to the assay mixture, and terminated by the addition of an equal volume of ether.
Quantitative determination of 2,4,6-TBP and bromine ions. 2,4,6-TBP in culture broth, resting cell suspensions, and in vitro assay mixtures were recovered by ether extraction. After an equal volume of ether was added and mixed in vigorously, the mixture was centrifuged at 2;000 Â g for 5 min. Then the ether phase was recovered and evaporated. 2,4,6-TBP was dissolved in methanol, and the concentration was determined by HPLC (Hitachi High Technologies, Tokyo). The mobile phase was a mixture of 40% methanol supplemented with 2% acetic acid (phase A) and 80% methanol containing 2% acetic acid (phase B). 2,4,6-TBP and other brominated phenols were separated using a reverse phase column (5C18-MS-II, Nacalai), and the gradient was started with 40% phase A and 60% phase B. The phase B concentration was increased linearly to 100% over 15 min. The flow rate was 1.0 ml/min, and 2,4,6-TBP and related compounds were detected at 280 nm. Calibration was linear at concentrations between 1 mM and 1 mM, with an r 2 value of 0.999. To determine the bromine ion concentration, the aquatic phase was recovered and subjected to ion chromatography analysis (model DX-320, Japan Dionex Co., Ltd., Osaka, Japan) on Dionex Ion Pac AS-11 HC (Japan Dionex). The flow rate was 1.0 ml/min, and the KOH concentration was increased linearly to 5 mM over 15 min. Bromine ions were detected at 248 mA at 17.8 min.
Spectrometric analysis. The optical density of growing cells was determined by measuring the absorbance at 600 nm with a spectrophotometer (model U-2000, Hitachi, Tokyo). The molecular masses of 2,4,6-TBP and its potential metabolites were estimated in the negative mode by electron spray ionization-mass spectrometry (ESI-MS; model Quattro MicroÔ API, Waters, Milford, MA).
Results

Isolation of bacteria degrading 2,4,6-TBP
The enrichment of soil and activated sludge samples produced a microbial consortium capable of degrading 0.1% 2,4,6-TBP. 2,4,6-TBP-degrading bacteria were then isolated from the enrichment consortium on PAS agar medium containing crystals of 2,4,6-TBP. After incubation for 1 week, small colonies appeared. Several colonies were individually isolated and streaked on L agar plates to confirm that they were composed of a single bacterial species. Finally, seven strains were obtained from the consortium of 55 samples. Since 2,4,6-TBP has inhibitory or lethal effects on bacteria, we tested the tolerance of these bacteria to 2,4,6-TBP at various concentrations and its degradation. Of these strains, TB01, isolated from a soil sample, was relatively tolerant to 1 mM 2,4,6-TBP on PAS plates, and showed a rapid degradation of fine crystals of 2,4,6-TBP in liquid PAS medium (as compared to the other strains). Hence TB01 was selected for further characterization.
Identification of the isolated strain, TB01 Strain TB01 was characterized by microscopy and physiological studies. It was a gram-negative, motile, rod-shaped bacterium measuring 0.8 mm by 1.5-2.0 mm (Fig. 1A) . Indole was not produced from tryptophan. A nitrate reduction test was positive. The strain showed positive results for catalase, oxidase, cytochrome oxidase, and urease, but it gave negative results on the arginine dehydrogenase and -galactosidase tests. Neither esculin nor gelatin was hydrolyzed. The strain did not oxidize glucose or melibiose, but it did oxidize arabinose. In a nutrient broth, it grew at 41 C. On nutrient agar, it formed off-white, round, convex, semitransparent colonies. It grew in a simple defined medium without supplemental micronutrients. The assimilable compounds were D-glucose, L-arabinose, D-mannose, N-acetylglucosamine, maltose, potassium gluconate, n-caprate, and DL-malate. The unassimilable compounds were adipate, sodium citrate, and phenyl acetate. Strain TB01 was further identified by sequencing of the 16S rRNA gene. The DNA sequence of an amplified 1.5-kbp fragment corresponding to the 16S rRNA gene from strain TB01 (DDBJ accession no. AB376102) had high sequence similarity with those from Ochrobactrum species, including O. tritici SCII24 (99.9%) and O. lupine LUP (99.6%) (Fig. 1B) . On the basis of these diagnostic properties, strain TB01 was assigned to Ochrobactrum sp. strain TB01.
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Growth curve and biodegradation of 2,4,6-TBP by Ochrobactrum sp. strain TB01
Ochrobactrum sp. strain TB01 grew in PAS liquid medium containing 2,4,6-TBP, and formed a white suspension of cells that included cells attached to the fine crystals of 2,4,6-TBP. A nutritional supplement with complex media components stimulated growth. Cell growth in medium A reached log phase at 48 h (OD600, about 0.8) and stationary phase at 60 h (OD600, about 1.4). During cell growth, the concentration of 2,4,6-TBP decreased, and it was completely consumed within 36 h ( Fig. 2A) . No other metabolites were found on the HPLC chromatogram between 12 and 36 h (data not shown), suggesting that 2,4,6-TBP was immediately degraded inside the cells. Subsequently, a resting cell assay was performed. Under the assay conditions, Ochrobactrum sp. strain TB01 degraded 100 mM 2,4,6-TBP within 48 h. During the reaction, the bromine concentration in the cell suspension increased in a time-dependent manner and reached about 300 mM at 24 h, 3-fold the concentration of added 2,4,6-TBP, suggesting that most bromine atoms on the 2,4,6-TBP molecule were released in the resting cell suspension of Ochrobactrum sp. strain TB01 (Fig. 2B) .
In vitro metabolism of 2,4,6-TBP by Ochrobactrum sp. strain TB01
In vitro assays were performed to evaluate the metabolism of 2,4,6-TBP using cell-free extract of Ochrobactrum sp. strain TB01. Almost complete consumption of 2,4,6-TBP (100 mM) was found in the presence of 2.5 mM NADH. NADPH showed a similar result, and no significant differences in 2,4,6-TBP degradation activity were found between NADH and NADPH under the assayed conditions, but no activity was detected in the absence of the cofactors, suggesting that the 2,4,6-TBP degradation activity is NAD(P)H dependent. The specific activity of 2,4,6-TBP degradation was estimated to be 0.011 nmol/min/mg protein.
Then the metabolism of 2,4,6-TBP was examined. Authentic 2,4,6-TBP, 2,4-dibromophenol (2,4-DBP), 2,6-DBP, 2-bromophenol (2-BP), and 4-BP gave peaks at 10.3, 6.4, 4.8, 3.4, and 3.8 min respectively on HPLC chromatograms. In the extracts from the cells of Ochrobactrum sp. strain TB01 treated with 2,4,6-TBP, 2,4,6-TBP was consumed, and one major product (product A) and one minor product (product B) were generated after incubation (Fig. 3A) . The retention time for product A was similar to that for 2,4
-DBP. ESI-MS analysis showed [M-H]
À ions at m=z 248.8, 250.8, and 252.8 with relative intensities of 1:2:1, identical to those for DBP (Fig. 3B ). Hence we identified product A as 2,4-DBP. Product B showed a retention time almost identical to that for 2-BP at 3.4 min on an HPLC chromatogram, and [M-H] À ions were found at m=z 171.0 and 173.0 on ESI-MS with similar intensities, indicating that product B was 2-BP. In the extracts of TB01 cells that were not treated with 2,4,6-TBP, no metabolites were observed, suggesting that the enzyme system responsible for debromination of 2,4,6-TBP is inducible.
Biodegradation of other halogenated phenols
We examined the biodegradation of other halogenated phenols structurally related to 2,4,6-TBP by resting cell assays. First, phenols with different numbers of bromine atoms were tested. TB01 cells degraded 100 mM phenol, 4-BP, and 2,6-DBP within 48 h, but they did not degrade pentabromophenol (PBP) at all. Subsequently, phenols with different halogen atoms were tested. The cells degraded 38% of 100 mM 2,4,6-trichlorophenol (2,4,6-TCP), but not 2,4,6-triiodophenol (2,4,6-TIP), within 48 h (Table 1) . Possible explanations for the lower degradation of 2,4,6-TCP than of 2,4,6-TBP are the slower reaction rate, its more potent antibacterial activity, or both. We can not decide at present.
There have been no reports revealing that any Ochrobactrum species has degradation activity for 2,4,6-TBP, and only one species has been found to possess degradation activity for phenol. 16) Hence Ochrobactrum anthropi NBRC15819, O. tritici NBRC102585, O. grignonense NBRC102586, and O. lupini NBRC102587, all of which have close phylogenic relationship, to Ochrobactrum sp. strain TB01, were characterized with respect to degradation of 2,4,6-TBP and phenol. Both 2,4,6-TBP and phenol at 100 mM were consumed within 48 h by three strains in our resting cell assay system, at similar levels ( Table 2) . To our knowledge, these are the first results demonstrating that the abilities to degrade 2,4,6-TBP and phenol are distributed among several Ochrobactrum species.
Discussion
In the present study, we isolated a bacterium that degrades 2,4,6-TBP. We performed enrichment culture on soil and sludge samples contaminated with brominated pollutants. The kinetics of 2,4,6-TBP degradation were examined with the pure culture of Ochrobactrum sp. strain TB01, and the metabolism was analyzed by enzyme assays in cell-free extracts. Several studies have demonstrated the anaerobic reductive dehalogenation of brominated phenols by various bacteria. In comparison to those bacteria, Ochrobactrum sp. strain TB01 has different physiological and biochemical characteristics. The marine sponge Aplysina aerophoba harbors large numbers of bacteria that can amount to 40% of the biomass of the animal, and the bacterial community metabolizes antibiotic brominated phenols, including 2-BP, 3-BP, 4-BP, 2,6-DBP, and 2,4,6-TBP, which presumably are involved in the defense mechanism for the animal. The spongeassociated bacteria consumed 100 mM 2,4,6-TBP over 30 d. 17) The Desulfovibrio strain, isolated from estuarine sediments, can grow on lactate coupled to the reductive dehalogenation of 2,4,6-TBP. This halorespirating bacterium uses 2,4,6-TBP as an electron acceptor, and no growth occurs with only 2,4,6-TBP. Additionally, no reductive dehalogenation of chlorinated phenols was observed as in the sponge-associated bacteria. 18) This might be because the carbon-chlorine bond is stronger than the carbon-bromine bond due to the higher electronegativity of chlorine. 18) In contrast, a soil bacterium, Ochrobactrum sp. strain TB01, is capable of growing with 2,4,6-TBP as sole carbon and energy source, and it degrades 2,4,6-TBP, 2,4-DBP, and 4-BP and 2,4,6-TCP partially within relatively short periods of time ( Fig. 2 and Table 1 ). It was recently found that Achromobacter piechaudii, isolated from desert soil contaminated with chemical industry waste, reductively dehalogenated 2,4,6-TBP to phenol. 19) Cells adhering to chalk were more active in 2,4,6-TBP degradation than cells in suspension. 20) The bacterium, however, was not able to metabolize mono-or dibromophenols. 19, 21) These results suggest that there are a number of bromophenoldegrading bacteria in various ecological niches, and that there is a diversity of dehalogenating enzymes with various substrate specificities.
Our current hypothesis as to the metabolism of 2,4,6-TBP in Ochrobactrum sp. strain TB01 is proposed in Fig. 4A . The primary step is a reductive dehalogenation of the bromine atom at the ortho-position, yielding 2,4-DBP. Subsequently, 2,4-DBP is further metabolized to phenol via 2-BP by sequential reductive dehalogenation of two bromine atoms. A similar preference for orthohalophenol dehalogenation over meta-or para-bromophenols has been reported in another study. 22) In Ochrobactrum sp. strain TB01, PBP was not metabolized. This lack of metabolization probably occurred because the interaction of a potential dehalogenase with the compound was interfered with due to steric hindrance. 2,4,6-TBP was converted to 2,4-DBP in the presence of NADH by cell-free extracts of Ochrobactrum sp. strain TB01. The addition of FAD enhanced the activity (data not shown). In 2,4,6-TBP-degrading strains associated with the marine sponge Aplysina aerophoba, the first reaction of 2,4,6-TBP is perhaps catalyzed by reductive dehalogenase having iron-sulfur clusters via an unknown electron donor. 17) In the 2,4,6-TCP-degrading bacterium Azotobacter sp. strain GP1, a primary step in 2,4,6-TCP degradation is NAD(P)Hdependent, and the reaction is catalyzed by homotetrameric TCP-4-monooxygenase, leading to the formation of 2,6-dichlorohydroquinone as a product. 23) To our knowledge, NAD(P)H-dependent reductive dehalogenation of 2,4,6-TBP to 2,4-DBP is a unique reaction. A possible reaction mechanism is proposed in Fig. 4B , but purification of the enzyme was difficult, since it might involve an NAD(P)H-dependent, membranebound complex enzyme system. Further characterization of the potential reductive dehalogenase remains to be done.
Assimilation of phenol has been investigated mainly in the genus Pseudomonas, 24, 25) and relatively little information is available on activities in the genus Ochrobactrum. It has been found that the Ochrobactrum species metabolize phenol through catechol, followed by the ortho-or meta-cleavage pathway. 16, 26) Degradation of 2,4,6-TBP by the Ochrobactrum species has not previously been reported, and this prompted us to examine more Ochrobactrum species for this ability. We tested the type strains O. anthropi NBRC15819, O. tritici NBRC102585, O. grignonense NBRC102586, and O. lupini NBRC102587. These strains degraded both 2,4,6-TBP and phenol, except for O. anthropi NBRC15819. A large number of halogenated natural products have been identified from a variety of sources. These results suggested to us the hypothesis that several Ochrobactrum species have conserved detoxification activity for naturally occurring secondary metabolites or their degradation products with the (halo)phenol moiety. It took a longer time (48 h) to reach the log phase in the presence of 100 mM 2,4,6-TBP than when 2,4,6-TBP was absent. This behavior is characteristic of toxic substance metabolism, but no aromatic metabolites accumulated in either the growing culture or the resting cell suspension, suggesting that the enzyme systems responsible for reductive dehalogenation of 2,4,6-TBP and oxidative cleavage of phenol work well cooperatively inside the cells.
Three Ochrobactrum type strains, O. tritici NBRC102585, O. grignonense NBRC102586, and O. lupini NBRC102587, showed 2,4,6-TBP degrading activity under the assayed conditions, but they have been isolated from the rhizosphere of wheat plants in France 27) and from legume plants in Argentina. 28) As a plant quarantine strain, their use is restricted in Japan due to ecological aspects. 29) Hence Ochrobactrum sp. strain TB01 might have greater advantages for application to liquid waste treatment, because the strain is domestic and is expected to have much less risk. Brominated flame retardants (BFRs) have routinely been added to consumer products, including electronic device and plastics. There are several classes of BFRs including polybrominated diphenyl ether, decabromodiphenyl ether, tetrabromobisphenol A, and hexabromocyclododecane besides 2,4,6-TBP. As the production of BFRs has increased (200,000 metric tons are produced annually worldwide, with an average growth rate of 2% between 1990 and 2000 30) ), concern over them has risen due to their persistence, bioaccumulation, and toxicity. At present, information on the metabolism in biota and an efficient clean-up system for industrial wastes is quite limited. Although Ochrobactrum sp. strain TB01 did not show degradation activities for this class of chemicals, our present attempt to isolate and characterize the bacterium degrading 2,4,6-TBP can be applied to other BFR-degrading bacteria. These studies are underway in our laboratory. In summary, we described a novel bromophenoldegrading bacterium. This research expands our knowledge of the diversity of bromophenol-degrading bacteria and the dehalogenation reaction, and should be useful in understanding the metabolism of brominated pollutants in the natural environment and in bioremediating the pollutants in industrial wastes.
